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Abstract

Human research on the International Space Station (ISS) crew has made significant
advances in understanding of the effects of physiology on human health in space missions.
However, ISS has not been as suitable for research on other hazards of human spaceflight such as
isolation and communications delay. NASA recently completed a special assessment of whether
modifications could be made to operations or facilities so that ISS could be used more effectively
as an analog to simulate long-duration crew missions beyond low earth orbit. A cross-disciplinary
team? met to identify concept of operations, trade spaces, challenges, and opportunities to making

! In addition to the authors of this paper, additional members were (alphabetical order) Dr. Erik Antonsen (Human
Systems Risk Board, Health and Medical Technical Authority), Dr. Megan Behnken (Crew Office, FOD), Kyle
Brewer (ISS Vehicle Office, Mission Evaluation Room Manager), Jennifer Buchli (ISS Program Science Office), Dr.
Kris Lehnhardt, (HRP Exploration Medical Capability), Dr. Peter Norsk (HRP Human Health and Countermeasures),
Dr. Steven Platts (HRP Deputy Chief Scientist), Jennifer Scott Williams (ISS Research Integration Office), Dr. Tom
Williams (HRP Human Factors and Behavioral Performance), Dr. Leo Yowell (ISS Research Integration Office).
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ISS more operationally relevant as a Mars transit mission analog, and the results and
implementation plans are summarized in this manuscript. In addition to the use case of 12-month
missions (already in planning by the NASA ISS Program to bound expected Mars transit durations),
three new use cases where ISS could provide valuable high-fidelity experience were identified. (1)
Testing of operations procedures and medical care could be enhanced by demonstrating crew
handling a simulated medical event in microgravity, autonomously, and with significant
communications delay. (2) Isolation and confinement effects of deep space transit could be studied
on ISS to validate current habitable volume requirements for Mars transit aswell as provide context
for evaluating the results of the extensive ground-based simulations in HERA and NEK. A trade
study of possible operational and hardware changes that would make ISS applicable to these use
caseswas completed. (3) Surface operations after the physiological deconditioning of a long transit
could be conducted to validate crew ability to perform critical ground tasks after 6-month Mars
transit and aid in conceptual design of Mars surface element architectures.

Each of the case studies includes a trade space between operational impacts on nominal ISS
activities and degree of fidelity. A phased approach to implementation means that several “quick
start” activities can be done in 2019-2020 at the same time as planning continues for more complex
exploration analog options beginning as early as 2022. The team determined that many of these
quick-start tasks could be done with available assets, entirely independent of other exploration
system development timelines (suchas Orion, Space Launch System). The consideration of the full
suite of human spaceflight capabilities in the lunar vicinity can also be included as each step in
human exploration serves as a simulation opportunity for some aspect of subsequent missions.
Further discussions of options with the international community are critical for considering the
benefits as well as impacts of simulation activities on ISS, as well as to better formulate future
mission architectures.

Keywords: NASA, ISS, human spaceflight, space exploration missions, analogs,
simulations, isolation, Mars transit, medical operations, autonomy, communications delay

1. Introduction as a key place for doing research on the

From the beginning of human spaceflight,
scientists and engineers have sought
appropriate analogs to extreme missions
where human performance can be tested in
order to improve engineering design, medical
requirements and countermeasures, and
ultimately  ensure missions safety and
success. For example, the Extended Duration
Orbiter Medical Program [1] and NASA-Mir
Missions [2] were both designed to gain the
medical information necessary to reduce the
risks of human spaceflight both on the
International Space Station (ISS) and
subsequent exploration missions beyond
Earth orbit. From its inception, 1SS has served
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effects of microgravity on human physiology
and developing mitigations and
countermeasures to those effects to enable
future exploration [3, 4].

The effects of low gravity and gravity
transitions are only one of the spaceflight
hazards to human health and performance.
Spaceflight risks to the human system are
categorized as resulting from one of five
hazards of human spaceflight [5, 6].

(1) Altered gravity fields create risks such
as disorientation and sensorimotor disruption
[7], fluid shifts and visual alterations [8], and
without suitable exercise would generate
cardiovascular deconditioning [9] and bone
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loss [10]. These areas have be the foci of
significant scientific progress made during
the ISS researchera [11].

(2) Radiation exposure can cause acute
inflight effects, central nervous system and
cardiovascular changes, as well as affect
long-term cancer risks of crewmembers after
they return [12]. To date, most studies have
been conducted at simulation facilities such
as the National Space Radiation Laboratory
[13] because radiation exposure on ISS within
the magnetosphere is not equivalent to deep
space radiation.

(3) The distance from Earth is a hazard
that increases the further crewmembers
explore, with risks associated from lack of
consultation ~ with the ground due to
communication delays and the need for
autonomy of the crew in solving problems
from repairs to medical events [14].
Communications with ISS have a one-way
communications delay of <0.25 s, and
communications interruptions of minutes
during certain positions of the Tracking and
Data Relay Satellite (TDRS) system [15]. In
contrast, Mars missions  will  have
communications  delays of 4-24 min
depending on the position in the trajectory,
and blackouts/whiteouts of up to 2 weeks
during solar conjunctions [16, 17]. Thus
exploration crews will need onboard
information to operate without ground
support in a mode far different than current
operations on the ISS. A medical evacuation
from the ISS could be completed within 3.5
h, but emergency evacuations during Mars
missions have extremely limited windows of
opportunity due to celestial mechanics.

(4) Isolation and confinement is a
significant risk to the crew as many months
are spent with a small number of companions
in a small space, away from Earth and family.
Some of the associated risks include
behavioral effects of isolation on crew
performance and sleep disorders [18].

(5) A final hazard is the effects of the crew
being in a hostile closed environment, with
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vehicle design having a significant impact on
their well-being. Confined in spacecraft with
recycling of the atmosphere, these risks are
associated with environmental exposures
such as CO; levels, toxic exposures from
materials or leaking fluids, and possible
changes in the microbes present in the
environment and in the environmental control
and life support systems [19]. The need to
bring or cultivate food brings aset of nutrition
risks to long missions in closed environments
[20].

Typically Earth-based analogs have been
used to model isolation, confinement and
remote conditions of exploration mission
scenarios—volunteers have participated in
simulations and investigations in the Human
Exploration Research Analog (HERA) in the
U.S. [21] and Russian Nazemnyy
eksperimental'nyy kompleks (NEK or
“Ground-Based Experimental Complex™)
facility in Russia [22]. These facilities offer
conditions and levels of control of missions
that are not available in our current human
spaceflight missions on the ISS.

2. Changing ISS Operations to be a Better
Analog for Deep Space Exploration

In July 2017, the NASA ISS Program
(ISSP) and Human Research Program (HRP)
agreed to identify studies with exploration
relevance that could not be completed on 1SS
as it currently exists, but that would be
possible if operations were altered so that ISS
was a better analog for exploration. By
thinking of ISS as an analog for Mars transit,
not only for physiological effects of gravity,
but also for performance across all spaceflight
hazards, additional studies could be
conducted. Being able to study all five
hazards of human spaceflight and integrated
hazards simultaneously would allow ISS to
make significant additional contributions to
Mars exploration readiness (Table 1).
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Table 1. ISS Modifications and Constraints for
Modeling Mars Transit Hazards to the Human System

AlteredGravity Fields

e Physiological shifts due to microgravity
environment.

¢ Radiation

o |SS radiation exposure is made up of 50% protons
and 50% galactic cosmic rays (GCR), while deep
space transit would be dominated by GCR
(assuming shielding for solar particle events)

e Distance fromEarth

Simulated communication and data delays
Autonomous hardware

Support tools for crewautonomous operations
Bxploration-like Training Paradigms

e [solation and Confinement

could have periodic impacts on other
utilization of ISS.

A “Tiger Team” of interdisciplinary
NASA experts [1] was assembled to develop
potential use cases and associated challenges
and benefits for further evaluation by the
programs. The work of this team, its reporting
milestones, and follow-on discussions are
summarized in Table 2.

Table 2. Milestones in concept development for new
usesof ISS asan explorationanalog.

o Limited communication with families and ground
support

e Limited habitable volume (25m/person is the

exploration standard? [23], ISS is spacious at about

65m°*/person)

No vehicle traffic

No care packagesorfresh supplies

No window views of Earth

Exploration-like sleeping quarters

October 2017 Tiger Team initiated.

July 2018 Report to programson three possible
new use cases, and follow-on actions
for concept development.

September 2018 | Trade study determines that closing
off hatches of ISS to achieve
exploration-like volumes is not
feasible without significant impacts
to utilization.

e Hostile Closed Environment

o Atmosphere/Environment (current ISS carbon
dioxide level is higher than expected for
exploration)

o Bxploration food system(may include less variety,
butalso bulkingredients and crop production)

o Compact exploration exercise devices (preferred)

e BExploration-type hygiene, medical, and other
technologies (less disposability, preferred)

October 2018 1SS4Mars Workshop hosted by the
Agenzia Spaziale Italiana (ASI),
discussion of use cases and strategy

with ISS International Partners.

February 2019 ISS and HRP joint planning
assumptions for implementation of
Use Cases.

May 2019 Additional working team initiated to
define landing simulation concept of
operations for Commercial Crew

Program (CCP) returnsfrom ISS.

Use of ISS as a deep space analog would
require changes in the status quo of ISS
operations.  Possible  benefits of such
utilization could include studies of increased
duration and the role of mission duration in
human response to microgravity, isolation
and confinement effects of deep space transit,
testing of operations procedures and medical
care, and surface operations after the
physiological deconditioning of a long
transit. However, the changes that would need
to be made to facilitate such applied research

2 25 m*/personis based onacrewof 6 for a 30 month
mission with additional assumptions [23]
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July 2019 ISS begins planningfor additional 1-
year missions to begin with the
launch of crew via commercial US

providers.

September 2019 | NASA-Russia joint  technical
interchange meeting on
implementingthe use cases.

October 2019 IAC Special Session International

Discussion

November 2019 | ISS, CCP and HRP decisions on
“Field Test 2” landing simulation
concept.

2.1 One-year missions as Mars transit
analogs

The duration of a one-way microgravity
transit to Mars depends on the choice of
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propulsion technology and assumptions about
advancement in those technologies in the
future, as well as mass assumptions. Mars
Design Reference Architecture 5 [24]
postulated conjunction-class mission transit
times of about 180 days eachway, a Mars stay
time of around 500 days, and a total mission
duration of about 30 months. The total in-
space time of about 1-year has been used in
planning the HRP Path to Risk Reduction for
a decade (Human Research Program 2019).
As alternative technologies and architectures
continue to be considered, new technologies
could shorten transit times, but alternate
architectures could also lengthen the transit
times. Regardless of changes in architecture,
investigating  the risks of  missions
significantly longer than current 6-month 1SS
missions is critical [25].

NASA and Roscosmos jointly completed
the first 1-year missions (340 days) of
cosmonaut Mikhail Kornienko and astronaut
Mark Kelly to the International Space Station
in 2015-2016. These represented the first
yearlong missions since Sergei Avdeev’s
mission to Mir in 1999 (Figure 1). Two other
NASA astronauts have completed missions
that were longer than typical 6-month ISS
missions (Peggy Whitson for 289 days in
2016-2017, and Christina Koch is currently
on ISS and expected to stay for around 325
days). However, since each crewmember
participated in different experiments during
their missions it is hard to generalize across
the small datasets. Generally, scientific data
show differences between 6- and 12-month
missions, including changes in gene
expression and biomarkers [26]. Anecdotal
reports indicate symptoms such as lower
body pain, skin sensitivity, rashes, and
fogginess following extended missions that
were not observed in previous 6-month
missions [27].
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Figure 1. Mars Transit Class (> 9 month) Mission
Experience

Key to advancing understanding of the
risks of a Mars transit to human health is to
systematically collect data on crewmembers
that stay for different durations, so that
duration can become the independent variable
in a comprehensive study. HRP has selected
over 25 proposals for such a study focused on
the  physiological and  psychological
adaptations of long-duration spaceflight and
is currently integrating them into a single
experiment package. The studies will be
anchored by a battery of “standard
measures”—abiochemical, physiological, and
human performance tests taken at consistent
intervals before, during and after spaceflight.
These measures have been designed to
consolidate and systematically — monitor
astronaut health and performance and
“provide the widest dissemination of data to
assist other investigators in quantifying the
human health and performance risks
associated with human spaceflight or
exploration missions” [28] [29].

The ISS Program plans to implement a
staggered set of missions with durations of
approximately 1-year, 6-months and 6-weeks
as soon as the Commercial Crew Program
begins transporting astronauts to the ISS, as
early as 2020 (Figure 2).

6mo |6m0 6mo ]Eumo 6mo |6mo 6mo |6mo 6mo |6mo

1Y 1Y 1y ¥, 1Y

[swk | [swk | 6wk | [6w ] [ 6wk |

Figure 2. Notional timeline for staggering
crewmembers for different durations of ISS missions.
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2.2 Medical autonomy

Over a period of 1-2 days on ISS, it would
be possible to demonstrate the exploration
paradigm for operations in flight medicine
and crew autonomy in providing medical care
to each other. Nominal activities could
include  private  medical  conferences
conducted via store-and-forward
communications (rather than over space-to-
ground links), self-exams, and health
maintenance activities. A credible
catastrophic  medical event could be
simulated while also evaluating software
tools and crew performance. After
consultation between the ISSP and HRP, a
“quick-start” contingency operations activity
without ground support is planned for spring
2020. This activity will use autonomous
software upgrades to the ultrasound system.

The ISS Program also made software
modifications to enable  simulated
communications delays including space-to-
ground, video, and store-and-forward (text-
like) communications. This capability will be
available in the fall 2019.

Once these activities are complete, HRP
and ISS will plan additional 1-2 day medical
simulations on orbit with the possibility of
completing up to four different simulations
over the next several years. Contingency
simulations will be implemented iteratively
and include medical events such as sepsis,
autonomous diagnosis and treatment with
exploration-like  capabilities,  just-in-time
training and guided procedures, and delayed
consultation with ground.

2.3 Systems Autonomy, Crew Autonomous
Operations and Communications Delay
Medical autonomy simulations as well as
hardware autonomy testing done in the past
(e.g., [30]) are pathfinders for possible future
extensions of autonomous operations to
longer duration simulation studies. A number
of hardware and software developments are
needed to mirror the types of systems that
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would be used for deep space exploration.
Decision tools and monitoring capabilities
enable exploration-like autonomy of the crew
[31]. Once tools and systems are developed
they must be tested in appropriate
environments and a variety of operational
scenarios. The new communications delay
capabilites  and  possibility of and
“exploration operations” mode on the ISS is a
significant  enabler of making future
exploration safer and more successful.

However, other users of 1SS may find an
exploration mode of operations to be less
desirable. For example, ISS National Lab
users and international partners will probably
not want to invest in making researchsystems
more autonomous. Many scientists benefit
from ready communications with the crew
doing their work, so not all experiments will
be able to successfully operate during periods
of simulated crew autonomy.

FOD and ISS will work together in 2020
to identify a path to extending autonomy
studies (with or without communications
delay) for longer blocks of time up to 2
weeks. The effort will include approaches for
crew/ground interactions, simulating
autonomous operation of an exploration
vehicle while ISS is still under significant
ground control, and approaches for
suspending the simulation in the event of an
emergency.

Once the plan is approved, exploration
technology and research users including HRP
will be able to target specific studies to those
periods of operations. From this incremental
progression, flight operators and crew will
gain valuable experience and lessons learned
to shape the development of deep space
operations approaches, and HRP can use
these periods of time to study the effects of
isolation and confinement and simulated
distance from Earth on the behavioral health
and performance of the crew. As autonomous
periods are extended, the ISS program will
have to juggle schedules to cluster
exploration-like activities in the autonomous
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periods. Some previous autonomy studies on
ISS have identified efficiencies in crew
preferences and possible efficiencies in crew
time that come from self-scheduling as
opposed to control of schedules from the
ground [32]. It is possible that 1SS will
identify benefits and options for more
efficient activities from these autonomy tests.

2.4 Sensorimotor performance for landings of
long-duration crew

The final use case expands from the
recently completed studies of crew
sensorimotor impacts after landing on Soyuz
spacecraft in Kazakhstan (Field Test [33]
[34]). Crew performance after long-duration
space exploration missions, especially in the
hours immediately post-landing, is not well-
understood and could drive Mars architecture
decisions and operations planning. For
example, if crew are not immediately able to
don a heavy spacesuit, open a hatch, and
egress from their landing craft, the lander will
have to be large enough for the crew to live in
until they re-acclimate to gravity. Knowing
how long this recovery period is will enable
spacecraft designers to properly size a Mars
lander, or seek less risky options for the crew
to transfer to a habitat [35]. Crew
performance data immediately after landing
will also help mission managers assess and
plan for contingency operations.

The critical operational window for
human performance and sensorimotor
adaptation in the first few days after landing.
If all goes well, the crew could recover and
adapt to Martian gravity within the lander.
However, there are contingency scenarios
that will require crews deconditioned from
long transits to perform critical tasks within
the first 24 hours after landing. One area of
focus is the connection to surface power
before lander battery power is depleted.
Although it is expected that the primary
connection would be made by automated
robotics, crew telerobotic control should be
considered in contingency planning. Other
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early contingency activities that might be
necessary for the crew to perform are early
egress from the lander to a rover and
extravehicular activities. Currently, 1SS long-
duration crews land on Soyuz in Kazakhstan
and do not return to Houston until around 24
hours post-landing. Science less than 24
hours after landing has been limited to
sensorimotor assessment tasks performed as
part of the Field Test investigation at the
landing site and while returning to Houston.

ISS long-duration crews landing on
Commercial Crew Program (CCP) vehicles
will provide an opportunity to thoroughly
study crew performance for functional Mars
tasks from zero to 24 hours post-landing, or
even longer. Water landings are likely to
introduce significant additional sensorimotor
challenges and are probably not good analogs
for Mars landings. However, Boeing CST-
100 flights plan desert landing sites in the
U.S. and could be excellent analogs for crew
performance after landing on Mars.

A key in defining new concepts of
operations is to connect to the past results of
Field Test, while adding operationally
relevant tasks in a way that makes a
meaningful contribution to future exploration
architectures and operations. The significant
physical challenges experienced by crew
returning from extended ISS missions means
that testing to define performance boundaries
can be extremely uncomfortable [34]. A
special team partly derived from the team in
this paper is now looking at different
operational concepts to make a
recommendation to ISS, CCP, HRP and flight
operations leadership for future plans. The
new team is looking at concepts of operations
and what mobile capabilities would be
required. To inform the planning, a quick-
start of crew telerobotic performance
capabilities and fine motor skills during
returns from Kazakhstan in the first 24 hours
afterthe 57S Soyuz landing wastested in June
2019 as an extension of the Robotics On
Board Trainer (ROBoT) Investigation on
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crew training and performance for fine
sensorimotor tasks. If approved, it is expected
that such landing studies would began on the
3 CST-100 landing (no earlier than 2022).

Operationally relevant and scientifically
structured  post-landing research  on
sensorimotor performance has the potential to
inform risk posture, future study after Lunar
landings, and the development of the Mars
landing architecture.

3. Use casesthat ISS cannot meet at this
time.

The ISS Program was able to take on a
number of potential modifications  of
operations and hardware to serve as an
exploration analog. However, there were
some concepts that had numerous challenges,
making it was difficult to find a feasible
implementation  approach. Some may
become possible as experience is gained with
other use cases.

3.1 Isolation and confinement in exploration
volumes

ISS is significantly more spacious per
person than the minimum working standards
used for architecture planning (Table 1). As
such studies are considered, options for
adding elements of isolation and confinement
(such as smaller volumes) could also be
revisited.

We conducted a trade study of options for
confining crew in smaller volumes. There
were several significant constraints. (1) If
hatches were to be closed, crew needed to
have unimpeded access to their rescue
vehicle, meaning that such a division could
not be considered until Commercial Crew
Program vehicles are serving the ISS. (2)
Separation of the U.S. Operating Segment
(USOS) and Russian Segment (RS) volumes
would be a significant disruption to daily
operations because the crew moves freely
throughout 1SS each day to access equipment
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for exercise and research. (3) It is impossible
to divide the crew into two separate volumes
without the full agreement of all international
partners, because it will affect the activities
and living patterns of all crewmembers. (4)
Within the USOS, some additional modules
would have to be blocked in order to get small
enough volumes, making it necessary to
reconfigure modules, toilets, sleep stations
and other necessities, and also limiting access
to researchfacilities (Figure 3). (5) A final set
of impacts were on the life support systems
due to the reconfiguration and blocking of
airflow through modules. After looking at
many different operational configurations, we
determined that there was no near-team way
to meet scientific needs without significant
impacts to other science utilization and the
facility configuration.

M e e £\ Permanent Multi-

o g Purpose Module (PMM)
- JEM Experiment Logistics Module
€ o Pressurized on
Wy ¢ :

o B JEM Exposed Facilty
; N M)
Columbus e |
N2+USL+N1 00

N2+USL+N1+N3+COL 157 ne
N2+USL+N1+N3+PMM 161 ne

Russian Segment 100 m®

Figure 3. Alternate volume configurations considered
in the trade study targeting about 100m®for 3-4 people
[23]. All configurations considered had such
significant impacts thattheywere not feasible.

In the future other modules may be
attached to ISS or be available as stand-alone
vehicles as part of the commercial
development of low-Earth orbit [36] [37].
Planning concepts for a Gateway in cis-lunar
orbit could also be used as analogs for Mars
transit habitat volumes [38]. Both of these
could provide opportunities for future
isolation and confinement studies in volumes
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more similar to those expected for deep space
transit.

3.2 Autonomy or communications delay
studies for longer than 1-2 weeks

Ideally, HRP would like to carry out a 30-
45 day study to compare and validate with 30-
45 day studies conducted in the HERA analog
with similar standard measures of physiology
and performance. Due to the uncertainties and
potential impacts, after the 1-2 week studies
are complete, both programs can reevaluate
the challenges and value of longer duration
autonomy studies.

3.2 Hardware, software and crew autonony
thatis relevant for exploration missions

One aspect that needs clarity is whether
lack of communication with the ground in
normal daily operations affects efficiency.
There are also distinct differences in the
curent and  future  capabilities  for
autonomous testing. Autonomous hardware
that is designed to operate without crew input,
but may need ground monitoring may not be
representative of exploration operations.
Software systems and tools that are designed

Risk Reduction

to help the crew to solve problems without
consulting the ground might be very useful to
test. ISS crewmembers have reported strong
interest in reducing reporting and scheduling
interfaces with the ground in daily activities,
and job aids to support routine operations
might be quite different than aids for
contingency or repair activities.

4. Summary and Conclusions: Overall
exploration analog strategy

By making temporary changes in the
approaches to ISS operations, aspects of deep
space exploration can be modeled, and the
platform can be used to advance Mars
readiness. Although final details have yet to
be completed, the ISS Program is able to
pursue significant opportunities to improve
its relevance as a Mars exploration analog.
Just as it took years of operational experience
before NASA was ready to initiate 1-year
crew missions, so too will extensions of the
duration of other simulations develop once
shorter operational tests are successful.
Knowledge to be gained on crew medical
operations, autonomous  operations and
communications delay, long-duration effects
of microgravity, and crew performance

Mission

Systems Testing Testing

[ |

¢ Incorporate integrated systems
testing into formulation/desig

« Duration
extension/extrapg High

Fidelity

[ Consistent with ISS
operations hazards

Research & Development Effort
Exploration Science & Technology Demonstration

TIME ISS

» Studies of integrated \

ISS Transition

Lunar Surface Test
Mission

Continued LEO research/testing (Commercial)

Ground Analog Research

Commercial LEO

Figure 4. Notional human spaceflight strategy for integrated research andtesting for Mars mission readiness.
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following transition to a planetary surface all
are important for exploration mission
architectures. Assumptions about crew health
and performance can be significant drivers of
basic assumptions such as mass to orbit and
mass of landers that are significant drivers of
feasibility, cost and schedule.

One result of international discussions of
ISS as an exploration analog is the
recognition that every platform--whether ISS,
commercial LEO, lunar Gateway, or lunar
surface—has relevance to future Mars
missions. However, by being clear about the
hazards that are reproduced, simulated, or
absent, we can be wise in using different
platforms to increase operational capabilities
and reduce risks in future missions.

Exploration-relevant testing is a key part
of the demand for access to LEO as ISS
transitions to commercial platforms [36].
Making changes to ISS operations to match
exploration mission approaches can have
impacts on other users of the U.S. National
Laboratory, but it should be possible to
balance access by both types of users.
Exploration research is needed by NASA to

validate systems, operations, and crew
performance using LEO as a place to prepare
for deep space exploration  missions.

Operational evolution and simulation of deep
space operations and hazards is both an
important objective for ISS today, as well as
for commercial providers in LEO after ISS
transition is complete (Figure 4).
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